The dynamical behavior of Bose-Einstein condensation (BEC) in a gas with attractive interactions is striking. Quantum theory predicts that BEC of a spatially homogeneous gas with attractive interactions is precluded by a conventional phase transition into either a liquid or Condensate growth is initiated by cooling the gas below the critical temperature T c for BEC.
case, the condensate regrows after a collapse as it is fed by collisions between thermal atoms in the gas, and a series of sawtooth-like cycles of growth and collapse will continue until the gas reaches thermal equilibrium 9,10 . We previously attained evidence for this nonequilibrium dynamical behavior in 7 Li by measuring the distribution of N 0 at selected times following a fast quench of the gas 13 . N 0 was found to be distributed between small numbers, N 0 ≈ 100, and the maximum number of ~1250 atoms, in agreement with the growth and collapse model.
The process of making reliable measurements of such small values of N 0 destroys the condensate, preventing an observation of condensate dynamics in real time. Although the phasecontrast imaging technique employed here has been used for (nearly) nondestructive measurements of large condensates 14 , a few incoherent photons are always scattered, and these heat the gas. As the phase-contrast signal is proportional to the number of scattered photons, achieving sufficient sensitivity to small condensates, such as those studied here, results in excessive heating and destruction of the condensate 15 . In the present work, direct observation of the dynamics is made possible by dumping the condensate, while only minimally affecting the thermal atoms. This synchronizes the growth and collapse cycles for different experiments at a particular point in time. The subsequent growth/collapse dynamics are then obtained by repeating the experiment and measuring N 0 at different delays following the dump pulse. In a recent experiment with essentially pure condensates of 85 Rb atoms, a magnetically-tuned Feshbach resonance was used to suddenly switch the interactions from repulsive to attractive and thereby induce a collapse at a specified time 16 . In that experiment, condensates are produced with N 0 far greater than the stability limit, and consequently with high initial energy. In contrast, for the present experiment, the collapse occurs with N 0 below the maximum number via macroscopic quantum tunneling or thermal fluctuation 7-9 . Furthermore, the condensate coexists with a gas of thermal atoms, allowing the kinetics to be probed.
The apparatus used to produce BEC of 7 Li has been described previously 15 . Permanent magnets establish an Ioffe-Pritchard type trap with a nearly spherically symmetric, harmonic trapping potential. Approximately 2.5 × 10 8 atoms in the F = 2, m F = 2 hyperfine sublevel of 7 Li are directly loaded into the trap from a laser-slowed atomic beam. Following loading, the atoms are evaporatively cooled to ~400 nK with ~4 ×10 5 atoms using a microwave field to selectively spin-flip and remove the most energetic atoms. Under these conditions, the gas is quantum degenerate. The microwave frequency is maintained at the end frequency for two seconds following evaporation, and is 3 subsequently lowered during a 100 ms duration quench pulse that removes all but the coldest ~10 5 atoms. This leaves the gas far from thermal equilibrium, and if left to freely evolve, the condensate will alternately grow and collapse many times over a period of ~30 s 13 . Destructive phase-contrast imaging is used to determine N 0 , the total number of atoms N, and their temperature T 15 .
Following a delay of several seconds after the microwave quench pulse, the condensate is dumped by a light pulse consisting of two co-propagating laser beams whose frequency difference is tuned to resonance between the collisional state of two free atoms and a vibrational level of the diatomic molecule Li 2 , as shown in Fig. 1 . Once in the molecular state, the laser of frequency ω 2 can stimulate a single-photon transition to the intermediate level v′, which may spontaneously decay, most likely into a state of two energetic atoms that will escape the trap. This method for removing atoms is very energy specific since the observed two-photon linewidth of δ500 Hz is much less than the ~5 kHz thermal energy spread of the trapped atoms. In particular, the condensate may be selectively removed without significantly affecting the remaining atoms. This is demonstrated in Fig. 2 , where both the measured condensate fraction and the fraction of total atoms are plotted as a function of the duration of the light pulse. The two-photon spectroscopy of this work is similar to that performed previously in a non-quantum-degenerate gas of lithium atoms at T ≈ 1 mK 17 , and in a Bose condensate of Rb atoms 18 .
Following the light pulse, the gas is allowed to freely evolve for a certain time, at which point a destructive measurement of N 0 is made. Figure 3a shows the dynamical evolution of the condensate following a light pulse whose duration is adjusted to reduce N 0 to an initial value of ~100 atoms. N 0 increases immediately following the light pulse as the condensate is fed via collisions between noncondensed thermal atoms, reaching a maximum value consistent with the expected upper limit of 1250 atoms. A collapse is clearly indicated by the subsequent reduction in N 0 . After the collapse, N 0 grows again, since the gas is not yet in thermal equilibrium. Figure 4 shows representative phasecontrast images taken from the data in Fig. 3a for the specified delay times. The central peak, most clearly visible at 450 ms delay, corresponds to the condensate.
The condensate growth rate may be adjusted by varying the duration of the light pulse. By reducing the duration, fewer atoms are removed from both the condensate and from the low-energy Each data point is an average of five separate experiments normalized to measurements taken without the light pulse. For these measurements, N = (7 ± 1) ×10 4 atoms. Achieving the necessary energy selectivity required the two diode lasers used to drive the two-photon transition to be phase-locked. When locked, the relative frequency spectrum of the two lasers was measured to be less than 1 Hz in width.
thermal atoms that directly contribute to condensate growth, and consequently the growth rate increases. This is illustrated in Fig. 3b , where two secondary peaks are now discernible. For Fig. 3c , the light pulse duration is lengthened, causing more atoms to be removed, and slowing the rate of growth. The condensate is only partially dumped in order to speed up the initial growth. Subsequent maxima and minima are observed as the gas continues to undergo growth and collapse cycles while evolving towards thermal equilibrium. c: The light pulse duration is increased, so that the condensate is dumped completely, to within the experimental resolution. Note the slow turn on of growth and the subsequent saturation in the growth rate (see text). For a and c, there is a 3 s delay following the microwave quench pulse before the light pulse, while in b, the delay is 5 s. Additionally, for a and c, N = (7 ± 1) ×10 4 atoms and T = (170 ± 15) nK immediately before the light pulse, while for b, N = (1.0 ± 0.1) ×10 5 atoms and T = (200 ± 20) nK. For each individual image, the statistical uncertainty in N 0 is ±60 atoms, while the systematic uncertainty, dominated by uncertainties in the imaging system, is ±20% 13 .
data represent an average of many trajectories whose initial phase and rate of growth differ slightly. To analyze the results, we numerically simulate the collisional redistribution of atoms over the energy Figure 4 Phase-contrast images. These images were selected from those used to construct Fig. 3a . The upper image corresponds to data immediately after the dump pulse (0 ms), the middle to the peak of condensate growth (450 ms), and the lower to the first collapse (550 ms). The fitted values of N 0 are 40, 1210 and 230 atoms for the upper, middle and lower images, respectively. The displayed images result from angle-averaging the actual images about the probe laser propagation axis and the signal height is proportional to the column density of the atom cloud integrated along this direction 4 . The image area corresponds to an 85 µm square. A movie of the growth and collapse was produced using representative time-ordered images from the data of Fig. 3a , and is available for viewing at http://atomcool.rice.edu/collapse.html.
states of the trap using the quantum Boltzmann equation, as described in detail elsewhere 9 . The colored curves shown in Fig. 5 are a sample of simulated trajectories which include the effect of the microwave quench pulse and the light pulse. The variation in condensate growth following a light pulse is mainly the result of slight differences in initial conditions which lead to variations in the energy distribution of atoms in the trap. Additionally, the stochastic nature of the collapse process, which causes each collapse to occur at a slightly different value of N 0 , contributes to dephasing of different trajectories. The heavy black line represents the average of 40 trajectories obtained by multiply running the simulation with slightly different initial conditions. In the simulations, N 0 is set to 100 atoms immediately following the light pulse in order to provide direct comparison with the data in Fig.   3a . Additionally, N 0 is set to 200 atoms immediately following a collapse in order to achieve the best agreement with our previous statistical studies 13 . The only adjustable parameter in the simulations was the fraction of thermal atoms lost within the spectral width of the two-photon transition.
The simulation results agree well with the data in several respects. The data in Fig. 3b show that each subsequent peak following the initial growth is slightly lower, as the trajectories corresponding to each individual measurement dephase from one another. This dephasing causes the The data presented here are the first direct observations of the growth and collapse of BoseEinstein condensates with attractive interactions. By enabling the preparation of condensates with a desired mean number of atoms with minimal perturbation to the noncondensed atoms, the two-photon technique provides a new way of studying the dynamics of this non-equilibrium and stochastic quantum system.
